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Abstract— In a standalone hybrid wind-diesel-battery 
system, the battery lifetime is often optimistically over-
predicted by hybrid system designers and battery 
manufacturers. As a result, battery replacement takes 
place more often than required. One of the reasons is due 
to the underestimation of battery wear from the short 
charge-discharge cycles, otherwise known as 
microcycles. A microcycle takes place when the power 
generation closely matches the load demand. The 
detrimental effect of microcycles on a battery-based 
standalone hybrid renewable energy system was 
previously investigated, however only from the 
perspective of short-term renewable energy fluctuations. 
This research paper provides new insight on battery 
lifetime reduction, resulting from microcycles which are 
generated through the tower shadow phenomena. 
Downwind wind turbines are considered here as their 
tower shadow effects are more significant compared to 
the upwind counterpart. This paper briefly presents the 
modeling of tower shadow profiles for both tubular and 
four-leg tower configurations. Experimental results have 
shown that the microcycles due to this non-ideal effect are 
significant in a battery-based standalone hybrid system. 
The quantification of the battery lifetime reduction due to 
this effect is demonstrated. Finally, the paper concludes 
with a sensitivity analysis of the battery lifetime reduction 
for different tower configurations, operating at different 
load conditions. 
 
Index Terms—tower shadow, hybrid wind-diesel-battery 
system, microcycles, battery lifetime, off-grid, isolated, 
renewable energy, experiment, modeling 
I. INTRODUCTION 
HE concept of off-grid hybrid renewable energy systems 
(RESs) is known as an attractive and sustainable solution 
for supplying clean electricity to autonomous consumers. 
Typically, this applies to the communities that are located in 
remote or islanded areas where it is not cost-effective to 
extend the grid facilities to these regions. In addition, the use 
of diesel generators in these remote locations have been 
proven to be uneconomical due to the difficult terrain which 
translates into high fuel transportation costs [1] [2]. The use of 
hybrid systems that couple renewable energy sources with 
diesel generation reduces diesel fuel usage. However, to date, 
a common design standard for off-grid systems has yet to be 
found and the reliability of batteries within an off-grid hybrid 
system still needs to be assessed [3]. 
 
 
 
Because of the stochastic behavior of wind, relying solely 
on wind turbines is insufficient to meet the varying load 
demand [4]. Additionally, these fluctuations can potentially 
cause stability problem and degradation on power quality, 
especially in a weak grid system [5]. For larger wind turbines, 
wind power fluctuations can be somewhat mitigated through 
blade pitch control. However, this technology is uncommon in 
small wind turbines [6]. Batteries are recognized as a widely 
adopted energy storage solution to smooth wind power 
fluctuations, especially in rural areas of developing countries 
and in some cases, they are also considered as the main 
electricity carrier [7]. Within these regions, low-income 
households have been utilizing batteries to power lighter 
loads, such as radios and TVs for a few hours during the night 
[8]. 
In most applications, batteries are operating distinctly in 
either charging or discharging mode. Battery cycling is one of 
the major factors which contributes to degradation, typically 
characterized by its depth of discharge (DoD) [9]. Short-term 
charge-discharge cycling may occur in a RES where 
generators and loads are operating simultaneously [10]. 
Battery degradation can become more severe when the 
renewable sources vary significantly. For instance, a wind 
turbine with turbulent wind input can generate considerable 
power fluctuations into the system at frequencies up to several 
Hertz [10] [11]. However, since battery current is generally 
measured in terms of mean values over an interval of 1 minute 
or longer, the short charge-discharge cycles or microcycles are 
often overlooked by designers. This may lead to an over-
optimistic view on the battery lifetime. 
Microcycles are defined as a fast and continuous change of 
battery current with a change of direction, typically with a 
period in the range of seconds [12]. At any time interval, the 
battery current can be broken down into two components; the 
DC value and a spectrum of frequencies that cause no net flow 
of current when integrated over time [10]. The resulting 
microcycles from the power electronics converters can be 
easily removed using appropriate filtering circuits [11]. On the 
other hand, it has been found that lower frequency and high 
magnitude AC components can cause charge-discharge 
cycling of the active material, which may cause battery wear 
[10] [13].  
Experiments in the past have indicated that the microcycles 
have a detrimental effect on the battery performance [12] [14] 
[15]. In this work, the focus is to investigate the effect that 
wind turbine tower shadow has on a battery storage system in 
an off-grid hybrid system. Hypothetically, the oscillations 
generated from the tower shadow effects are believed to have 
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Fig. 1.  Dimensions used in jet wake tower shadow formula  
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negative consequences on the battery lifetime. As far as the 
author is aware, other studies on the tower shadow effects 
have not given attention to off-grid systems. In addition, many 
have considered tower shadow modeling of upwind, three-
bladed wind turbines. The downwind tower shadow effect has 
been modeled, but yet to be investigated experimentally. 
This paper is structured as follows. The modeling of 
downwind tower shadow is described in Section II, including 
both tubular and four-leg tower configurations. Section III 
briefly explains the off-grid hybrid system experimental setup 
which was used to investigate the battery lifetime degradation 
due to tower shadow effects. In Section IV, the propagation of 
tower shadow effects at different stages of the hybrid system 
is analyzed. A comparison of battery lifetime reduction due to 
tower shadow from both tubular and four-leg tower 
configurations is performed. In addition, a battery lifetime 
reduction sensitivity analysis was carried out with different 
load conditions. Finally, conclusions derived from the research 
are given in Section V. 
II. MODELING OF TOWER SHADOW EFFECT IN DOWNWIND 
WIND TURBINES 
In small wind turbine applications, tubular and four-leg 
(lattice) towers are commonly being used to support the 
nacelle and the wind turbine rotor. In this section, the 
modeling of these tower shadow profiles is briefly discussed. 
In particular, it is based on the Gaia Wind 11 kW downwind 
wind turbine [16]. It is important to note that the modeling 
presented in this work can be adapted for other types of wind 
turbine. The Gaia Wind wind turbine was chosen due to the 
information and hardware availability. 
Reiso highlighted several steady wake models which can be 
used to describe the mean velocity deficit for downwind 
turbines; these are the Powles, Blevins, Schlichting, and jet 
wake models [17]. In 1983, Powles formulated a tower 
shadow model for downwind mounted rotors [18]. He 
identified that a cosine squared model predicts the tower 
shadow fairly accurately in the region of 3 - 6 tower diameters 
downstream [18]. Blevins’ model has some similar features 
compared to Powles’ model. However, it was originated from 
fluid dynamics to describe the wake behind a cylinder [19]. 
The Schlichtings’ wake model originated from boundary layer 
theory with the idea of a frictional surface in the interior of the 
flow [20]. The jet wake model is adopted in this work as it 
was developed for time-series simulation [21]. It can be 
implemented in Matlab/Simulink and programmed using a 
dSPACE controller to emulate tower shadow effect in real-
time. 
A. Downwind Configuration – Tubular Tower 
The jet wake model [21] was established to represent a 
quasi-steady reference for the time varying CFD wake 
velocity behind a cylindrical tower. This model is based on the 
boundary layer solution for a jet flowing into a fluid at rest 
[21]. The axial and lateral velocity components were 
developed as:  
 ,   	√32  1   (1) 
 
,   	√34  21    tanh (2) 
where    , x and y are non-dimensional (with respect to 
tower radius) Cartesian co-ordinates in the tower cross section, 
as demonstrated in Fig. 1. 
σ is an empirical constant equal to 7.67 [21]. K is the 
kinematic momentum defined as: 
  	   (3) 
where: 
ρ: Air density (kg/m3) 
Jm: momentum deficit behind the tower 
The derived Jm expression [21] in terms of tower 
parameters can be written as:  
  !"#2  $ %18 ' 163$) *+ (4) 
where: 
D: Tower diameter (m) !": Free stream velocity (m/s)  
Cd: Drag coefficient of the tower 
In order to ease the implementation of time-series 
simulation, equation (1) can be converted from a function of y 
(lateral distance) to a function of r (radial distance) and θ 
(azimuthal angle) as follows:  
, ,, -  	√32  1   . , sin - 1 (5) 
It should be noted that this equation only valid for 90° ≤ θ ≤ 
270°. For simplicity purposes, the tower shadow effect is 
assumed to be absent above the horizontal level of the hub.  
B. Downwind Configuration – Four-leg Tower 
An alternative tower configuration for small wind turbines 
is the four leg tower (also known as a lattice tower), connected 
by diagonal beams. For simplification purposes, only the four 
main legs are considered in this work. In addition, each leg 
was assumed to be cylindrical in shape. The authors in [22] 
performed CFD simulations on the axial wind velocity for 
tubular and four-leg tower configurations, respectively. With 
these assumptions, the jet wake model described above was 
programmed in Matlab/Simulink and it was used to estimate 
the tower shadow profile of the four-leg tower. For illustration 
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purposes, Fig. 2 shows the extracted CFD snapshots [22] of 
the predicted wind flow patterns behind the towers. 
As the Gaia wind turbine simply utilizes free-yaw 
mechanism, it is free to move around the tower based on the 
wind directions. Therefore, different tower shadow profiles 
can be generated due to the difference in yaw angles relative 
to the rotor plane. In this work, three orientations of the tower 
with respect to the rotor plane are considered. These are 0°, 
22.5°and 45°, respectively. Fig. 3 shows the top view of the 
wind turbine with three different orientations. The estimated 
Gaia wind turbine lattice tower dimension is shown in Fig. 3 
(a). The distance between each leg was approximated as 1.2 
m. Each leg was represented as a cylindrical shape with a 
diameter of 0.2 m. For the sake of direct comparison with the 
tubular tower described above, the distance between the lattice 
tower center and the rotor plane was also set to 3 m.  
Using the same principles from Fig. 3 (a), the dimensions 
for the case of 22.5° and 45° orientations can be easily derived 
from geometry. Then, the jet wake model was utilized to 
estimate the wind deficit caused by each leg, at 70% radius 
blade section. At this blade section, half of the rotor area was 
beyond the radius and the other half was within. Therefore, the 
velocity profile was represented. Using the Gaia wind turbine 
dimensions as tabulated in Table I [23], the simulated tower 
shadow profiles for the considered orientations are shown in 
Fig. 4. The analytically formulated tower shadow profiles 
capture the qualitative behavior of the simulated profiles in the 
literature [22]. The 0° lattice configuration produced a 
narrower width of wind deficits than the tubular configuration 
due to the smaller leg diameter. At 0° lattice orientation, the 
two front legs (A & B) were positioned in-line with the other 
two legs (C & D), respectively. The wind speed deficit from 
the front legs was further reduced by leg C & D. Therefore, an 
accumulation of wind speed deficit was experienced when the 
blade by-passed the tower. Two wind speed dips were 
experienced by the blade as it was rotating from position 90° 
to 270°. At 180°, the wind speed experienced by the blade 
recovered to the maximum value before moving towards to the 
next leg. Similar analysis can be applied to the 22.5° and 45° 
orientations. 
 It can be visualized that the lattice configuration generates 
a more sophisticated tower shadow profile at varying degrees 
of orientation, compared to its tubular counterpart. Therefore, 
it is the interest of this research to compare and contrast the 
effect of these tower shadow profiles on the battery lifetime.  
III. HYBRID SYSTEM LABORATORY SETUP 
The overall block diagram of the hybrid system is shown in 
Fig. 5 and their corresponding components are shown in Fig. 
6. Three single-phase Sunny Island (SI) inverters were used to 
form an isolated three-phase grid with the energy being 
supplied by the Rolls batteries (total capacity of 106 Ah). In 
 
Fig. 4.  Analytically derived downwind tower shadow profiles with l = 
1.2 m for a) tubular tower b) four-leg 0° orientation c) four-leg 22.5° 
orientation d) four-leg 45° orientation to the tower 
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TABLE I 
GAIA WIND TURBINE PARAMETERS FOR TOWER SHADOW COMPUTATIONS 
Parameters Values 
Undisturbed wind speed, U0 8 m/s 
Blade radius, R 6.5 m 
Hub height 18 m 
Tower type Tubular 
Air density, ρ (kg/m3) 1.225 
Tower drag coefficient, Cd 0.4 
Tower diameter, D 0.8 m 
Distance from the blade to tower midline, x 3.0 m 
Sigma, σ 7.67 
 
 
Fig. 2. CFD snapshot of axial wind velocity for a) tubular tower b) four-
leg 0° orientation c) four-leg 22.5° orientation d) four-leg 45° 
orientation to the tower at 80% radius blade section [22] 
Fig. 3. Four-leg configuration with a) 0º orientation b) 22.5º orientation 
and c) 45 º orientation relative to the rotor plane, respectively 
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reality, the Gaia 133-11 kW fixed speed wind turbine consists 
of 4 main components: the blades, the step-up gearbox, the 
induction generator and the wind turbine controller. The 
induction generator was connected to the isolated grid via a 
wind turbine controller. In this work, a 22 kW induction motor 
was used to emulate the wind energy, driving the induction 
generator. The motor was driven by a variable-speed AC drive 
(Parker SSD Drive). With the generator running at a near-
constant speed, the torque can be controlled to emulate the 
varying mechanical torque input due to varying wind speeds. 
The torque input was fed through a dSPACE DS1103 
controller. With the capability of programming different 
torque demand at the inverter drive, the tower shadow effect 
which causes a reduction in wind speed can be modeled. 
While the aerodynamics and inertia of the blade and gearbox 
were modeled in Simulink, the 11 kW generator’s inertia 
effect on the induced microcycles was taken into consideration 
as the system was not scaled down.   
A load bank was connected in parallel with the induction 
generator output. In the setup, the diesel generator was 
emulated using the utility grid. The diesel generator and the 
utility grid have the same terminal connections to the SI 
inverters and therefore, they are similar as seen from the 
inverters point of view. The diesel generator or the utility grid 
was used as a backup and they formed the three-phase grid 
automatically whenever the batteries state of charge (SOC) 
was low. The steady-state and dynamic analysis of the 
standalone hybrid system is presented in [24]. 
In another work, the characterization of the tower shadow 
effect using the wind turbine emulator was performed. The 
limitation of the induction machine drive system in responding 
to the tower shadow profiles has been identified through the 
frequency response test. In particular, the 10 Hz harmonic 
waveform which lies within the tower shadow profile can 
cause unwanted oscillations. It is not described in this paper 
due to space constraint. Therefore, the tower shadow profiles 
from a wind turbine can be emulated, while being aware that 
the limitations do exist when analyzing the results in the 
following sections. 
IV. TOWER SHADOW EFFECT ON BATTERY LIFETIME 
This section investigates the battery lifetime reduction as a 
result of tower shadow effect generated from the downwind 
wind turbine. The following subsections are dedicated to 
discussing the experimental measurement results of the 
emulated tower shadow using the described test rig and the 
process of estimating the batteries lifetime reduction as a 
consequence of these tower shadow effects. The power 
oscillations from the emulated tower shadow and their 
contribution to the charging and discharging microcycles are 
discussed. Battery degradation from both tubular and lattice 
towers are compared. Finally, a sensitivity analysis on battery 
lifetime was conducted with various load conditions.  
A. Experimental Results of Tower Shadow Effect 
Utilizing the analytically derived tubular and lattice tower 
shadow profiles from Fig. 4 as the wind inputs to the test rig, 
the pulsating power outputs with tower shadow effects were 
produced. Typically, the battery microcycles throughput 
would be the largest when the level of power generation 
within the system is approximately equal to the load. In this 
experiment, the wind speed of the system was set as 8 m/s, 
which corresponds to a power generation of about 8 kW. On 
the other hand, the resistive load demand was set to match this 
figure as close as possible so that the maximum number of 
microcycles can be computed with this scenario. Therefore, 
the load demand was set as 8 kW. Any small energy excess or 
deficit was balanced by the batteries. For base case reference 
purposes, the measurement results without including the tower 
shadow effect are given in Fig. 7. It can be observed that the 
measured power difference between the generator and the load 
(Fig. 7 (b)) was rather constant. Within the measurement 
Fig. 7.  Measurement results without tower shadow effect (a) fixed 
wind speed experienced by the blades (b) power difference between 
the generator and the load (point MA) (c) batteries DC current (point 
MB) 
Fig. 5.  Hybrid wind-diesel-battery laboratory setup 
 
Fig. 6.  Hybrid system lab setup equipment 
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period, the battery DC current has negligible zero-crossings, 
which is indicated in Fig. 7 (c). Thus, the microcycle 
throughput was almost zero for this case. A closer inspection 
on the waveform revealed that the DC current was slightly 
shifted towards the negative values. This negative sign 
convention indicates that the batteries were constantly 
charging. This test also demonstrated that the computed 
number of microcycles in this work had excluded other 
possible contributions such as load or wind fluctuations.   
Same measurements were performed for the case of the 
tubular tower, lattice tower with 0°, 22.5° and 45° degree 
orientations, as illustrated from Fig. 8 to Fig. 11, respectively. 
In all scenarios, the batteries were subjected to rapid charge 
and discharge which can be observed from the DC current 
plots. In addition, the oscillations after each tower shadow 
effect were noticed, except for the case of lattice tower with 
45° degree orientation. This issue has been previously 
discussed and it can be attributed to the unstable operation of 
the generator, due to the presence of resonant frequency of 
approximately 10 Hz. The analytically derived tower shadow 
profile of the lattice tower with 45° degree orientation 
generates low amplitude of harmonics at around 10 Hz, thus 
the oscillation was not apparent in this particular scenario.  
In order to have a fair comparison while computing the 
battery lifetime reduction, the contribution of microcycles 
from the 10 Hz oscillation was discounted from the analysis. 
In this case, the microcycles contributed by the 10 Hz 
oscillation was characterized separately and it is shown in Fig. 
12. With this approach, the battery lifetime caused by only the 
tower shadow effect was computed more accurately. 
B. Battery Lifetime Modeling 
Being able to predict the lifetime of a battery is of great 
importance in the initial stage of hybrid system design as it 
involves the decision of determining the operating conditions 
and replacement planning for batteries [25]. Manufacturers 
cannot test their batteries for a full range of applications due to 
the huge amount of time and costs involved, in addition to the 
lack of detailed knowledge concerning the use of batteries in 
various applications [25]. Various kinds of battery lifetime 
models are available. However, it is not practical to consider 
highly sophisticated battery lifetime model which include 
aging processes and various extreme non-linear stress factors. 
Fortunately, simplified battery life estimation has been 
developed, such as the rain-flow cycle counting model [26]. 
Fig. 10.  Measurement results with lattice 22.5° orientation tower 
shadow effect (a) modeled wind speed experienced by the blades (b) 
power difference between the generator and the load (point MA) (c) 
batteries DC current (point MB) 
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Fig. 11.  Measurement results with lattice 45° orientation tower 
shadow effect (a) modeled wind speed experienced by the blades (b) 
power difference between the generator and the load (point MA) (c) 
batteries DC current (point MB) 
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Fig. 9.  Measurement results with lattice 0° orientation tower shadow 
effect (a) modeled wind speed experienced by the blades (b) power 
difference between the generator and the load (point MA) (c) batteries 
DC current (point MB) 
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Fig. 8.  Measurement results with tubular tower shadow effect (a) 
modeled wind speed experienced by the blades (b) power 
difference between the generator and the load (point MA) (c) 
batteries DC current (point MB) 
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Fig. 12.  Microcycles induced by 10 Hz harmonic which will be 
subtracted from the calculation of battery lifetime 
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Fig. 13. (a) Cycles-to-failure versus depth of discharge for a typical 
deep-cycle lead-acid battery (b) Extrapolated cycles to failure versus 
depth of discharge for the same battery on a logarithmic scale [28] 
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This method assumes that the battery lifetime is primarily a 
function of DoD cycles [27]. Experimental validations have 
been conducted against several other battery life models and 
the results show that the cycle counting algorithm generates a 
relatively more accurate prediction [26]. In renewable energy 
applications, this method has been successfully employed in 
[28] and [29]. In addition, this algorithm is chosen to be 
implemented in a commercial hybrid system sizing software, 
known as the HYBRID2 [27]. This methodology requires the 
following assumptions to be made and they were considered 
primarily in fatigue analysis [25]: 
 
• The stress events can be defined to induce only a 
small amount of incremental loss of lifetime. It can 
frequently occur until the battery fails.  
• The loss of lifetime caused by a stress event is 
independent of previous stress events and the 
present battery state-of-health.   
• The process of battery deterioration is either 
independent of the sequence of the stress events or 
the stress events which occur are distributed 
statistically throughout the lifetime of the battery. 
This also means that the battery is not assumed to 
be operated first at float operation for half of its 
lifetime and then subsequently cycled for the other 
half of its lifetime, but float operation and cycling 
happen more or less alternatively. 
 
In this work, a cycles-to-failure versus DoD curve was 
employed and it is shown in Fig. 13 (a) [28]. The partial 
discharge cycles within the range less than 0.1 were 
extrapolated so that battery lifetime due to microcycles can be 
considered, as depicted in Fig. 13 (b). An adjusted cycle-to-
failure curve was resulted, which effectively allows the 
microcycles to be evaluated. The corresponding relationship is 
approximated by a polynomial curve fit [28]: 
 
*+  1.345456758 '	1.49545:75;	0.00150775 '	601.5756 122.5 (6) 
where:  
 Cd: Cycles to failure at a depth of discharge d 
 d: Depth of discharge 
If the number of cycles-to-failure for a given depth of 
discharge, d is Cd, then the fraction of battery life used in one 
full cycle of range, d can be written as 1/Cd. If i different cycle 
ranges are considered each with Ni cycles, the total battery life 
fraction consumed, W can be computed as a summation of 
each individual cycle as [28]: 
 
 >  ? @A*+A
ABACDE
AB	ACFG
 
(7) 
After certain cycles and when the accumulated fraction 
becomes 1.0, the battery is assumed to reach its end of life and 
it needs to be substituted with a new one. 
In reality, it is challenging to measure the little changes in 
battery SOC caused by the occurrence of microcycles. 
Furthermore, an extended period of experimental running 
time, coupling with the highly sensitive transducers are 
required to produce an accurate measurement in the SOC 
changes. In order to facilitate this analysis, computer 
simulation is utilized as it is a cost-effective method to 
investigate the small changes in battery SOC. This can be 
achieved by using measured battery charge and discharge 
currents as an input to the simulation model, as shown in Fig. 
14. The current controlled source emulates the measured 
current profile by acting as the current supply and demand 
from the lead-acid battery. Finally, the SOC profile can be 
analyzed from the battery model. 
A more useful quantification on the battery lifetime is to 
consider a longer term operation of the system. However, as 
mentioned before, this is not a practical solution and therefore, 
several assumptions are made in this work. First, the overall 
objective was set upon finding the microcycle impacts on the 
Fig. 14. Methodology to simulate batteries SOC using Simulink 
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battery lifetime for a period of 1 year. At the year-end of 
operation, the batteries lifetime reduction due to only the 
effect tower shadow is sought. In order to achieve this, the 
time-series yearly operational approach to calculate the battery 
throughput [10] is not applicable as it is challenging to negate 
other factors which contribute to battery degradation. In 
addition, high computational effort is required when the 
applied time-step is very small. In a real off-grid scenario, the 
wind turbines are commonly sized at higher power rating than 
the peak load demand. However, they are not always operating 
at their rated capacity and with the highly stochastic nature of 
the wind and load demand, the probability for the batteries to 
run at zero-crossings is high. For simplicity purposes, it is 
reasonable to assume that in one day, the microcycles induced 
from tower shadow effect occur for 30 minutes (less than 1% 
of one day). Nevertheless, it is greatly acknowledged that the 
occurrence of microcycles in reality can be influenced by 
other factors such as daily and seasonal variations of 
renewable energy sources, load demand and the operational 
strategy of the hybrid system. 
The experimental measurement was conducted for a period 
of 10 s, although the results demonstrated from Fig. 8 to Fig. 
12 only show 2 s of measurement results. Hence, the first step 
was to calculate the undergone microcycles by the battery 
within the period of 10 s. This was performed by the rain-flow 
cycle counting algorithm. The corresponding cycle-to-failure 
value was then computed using equation (6) and (7). 
From the sizing study in [30], it was shown that the 
optimum storage size of a hybrid wind-diesel-battery system is 
90 kWh. This corresponds to 1875 Ah for a 48 V system. 
Therefore, the battery capacity in the Simulink model was set 
to these figures in order to simulate a more practical situation. 
Fig. 15 to Fig. 18 demonstrate the simulated SOC profiles for 
tubular, lattice 0° orientation, lattice 22.5° orientation and 
lattice 45° orientation tower shadows, respectively. A 
comparison between these SOC profiles shows that the 
batteries undergone fewer polarity reversals when the lattice 
tower was positioned at 45° against the rotor plane.  
Using the above-described modeling approach and the 
assumptions made, the battery lifetime reduction in a year due 
to tower shadow effects was computed. However, it was 
determined that the contribution of the 10 Hz oscillation in 
battery lifetime reduction worked out to be about 12%. This 
was discounted from the calculated battery lifetime reduction, 
in particular for the tubular, lattice 0° orientation and lattice 
22.5° orientation tower configurations as they are subjected to 
the influence of 10 Hz oscillation. Note that this is case 
specific for the utilized test rig. Other test rigs might be 
influenced by other oscillation frequencies and this depends 
heavily on the drive system response. 
Fig. 19 shows the comparison of the battery lifetime 
reduction for the tubular, lattice 0° orientation, lattice 22.5° Fig. 15. Tubular tower simulated (a) battery SOC with measured (b) 
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Fig. 16. Lattice 0° orientation tower simulated (a) battery SOC with 
measured (b) battery current 
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Fig. 17. Lattice 22.5° orientation tower simulated (a) battery SOC with 
measured (b) battery current 
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Fig. 18. Lattice 45° orientation tower simulated (a) battery SOC with 
measured (b) battery current 
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and lattice 45° orientation tower configurations, respectively. 
The battery lifetime reductions in one year (in percentages) are 
solely attributed to the tower shadow effect. It can be observed 
that the lattice tower incurred a more complex effect on the 
battery lifetime results, which highly depends on its 
orientation. The 22.5° orientation has the most detrimental 
effect on the battery lifetime, recording 16.31% in a year, as 
opposed to 5.68% when the tower is positioned at 45° against 
the rotor plane. In reality, the wind turbine orientation varies 
significantly depending on the wind direction. Although there 
is a possibility that the lattice tower has a lower impact on the 
battery lifetime, it is not considerably lower than the tubular 
tower if no appropriate planning on the lattice tower’s position 
is taken into consideration. In particular, the wind direction of 
the specific site has to be studied. It is believed that by placing 
the lattice tower in an optimum way with respect to the wind 
direction, there is a higher probability that minimal tower 
shadow effect may be imposed on the batteries. In this way, 
the benefits of using a lattice tower in an off-grid system can 
be maximized, in addition to its lower cost structure compared 
to the tubular counterpart. However, the lattice tower is 
potentially more dangerous for the birds as they might be 
exposed to the rotational motion of the blades due to the 
availability of resting steels for them to get near to. In 
addition, it is perceived to have a higher visual impact 
compared to the tubular towers. Therefore, many 
considerations need to be assessed before making the choice 
of tower structure. 
C. Sensitivity Analysis on Tower Shadow Effects on 
Battery Lifetime 
As mentioned before, the battery microcycles throughput is 
the largest when the power generation closely matches the 
load [10]. However, previous studies focused on the 
occurrence of microcycles as a result of variability of 
renewable resources and load fluctuations. In this section, the 
objective is to investigate if this concept holds true when the 
microcycles are contributed from the tower shadow effect. The 
assumption used in this work was that the microcycles due to 
tower shadow effect on average occur 30 minutes every day. 
Finally, the battery lifetime reduced in a year was determined. 
In order to study the microcycles effect at different load 
conditions, a sensitivity analysis was carried out. Different 
offset current values were artificially added to the measured 
current profiles to emulate different load conditions. This 
approach simplifies the analysis and same current profile with 
different offset values were compared among each other. An 
example of demonstrating the addition of an offset current to 
the tubular tower’s generated current profile is shown in Fig. 
20. In this case, a fixed value of -40 A was added to the 
current profile. This translates to a reduction in load demand 
of about 2 kW. 
In this work, it is proposed that the current values of 10 A, 
20 A, 30 A, -10 A, -20 A, -30 A, -40 A and -50 were added to 
current profiles of all the tower configurations. Again, the 10 
Hz oscillation current profile was discounted while calculating 
the microcycles contribution from the tubular, lattice 0° 
orientation and lattice 22.5° orientation. Fig. 21 shows the 
battery lifetime reduced percentages as a result of microcycles 
with different load conditions. It can be observed that the 
battery lifetime reduction trend varies in a non-linear fashion 
despite the linear change in current magnitude. Interestingly, 
the battery lifetime for tubular, lattice 0° orientation and lattice 
45° orientation were most severely affected when the current 
profiles were reduced by 10 A (load reduction of 500 W). For 
lattice 22.5° orientation, the highest reduction in battery 
lifetime occurred when the current was reduced by 20 A 
(which correspond to a load reduction of 1 kW). These results 
Fig. 19. Battery lifetime reduction in a year from microcycles for 
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are in contrast to the previous fact which claimed that the 
highest battery throughput due to microcycles should occur 
when the load matches the generation [10]. This may be 
explained by the difference in tower shadow profiles 
generated from different tower configurations. As expected, 
the battery throughput due to the microcycles reduces as the 
difference between power generation and the load becomes 
larger. Using the assumptions mentioned, the reduction in 
battery lifetime lies within the range of about 5% to 27% in 
one year, depending on the tower’s configuration. 
It is believed that the magnitude of the tower shadow effects 
can be mitigated mechanically or electronically. In terms of 
mechanical approach, the tower can be redesigned with a 
different architecture. Electronically, a power electronics 
module coupled with the appropriate filters can theoretically 
attenuate the magnitude of the power dip as a result of tower 
shadow. One potential solution to absorb the power 
fluctuations is through the utilization of hybrid energy storage 
systems (ESS). In the scale of laboratory and in terms of 
practicality purposes, a hybrid battery-supercapacitor energy 
storage system is a promising solution to begin. The aim of 
such solution is to introduce the supercapacitor to absorb high-
frequency power surges while reducing the required battery 
power rating, degree of discharge and power losses of the 
overall system. The supercapacitor technology has the 
advantage of a long cycle life, high cycle efficiency, short 
response time, and high power capacity which can be used to 
compensate the limitations of the conventional battery system 
[31]. The hybrid approach takes advantage of the two 
complementing technologies to provide significant power and 
energy capacities. Some simulation and experimental work 
have been dedicated to the development of power electronics 
interfaces and energy managements for the hybrid battery-
supercapacitor ESS technology [32] [33] [34]. The battery 
lifetime gained from the additional components involved 
would require an economic analysis to be carried out. In 
addition, the methodology of sizing of the supercapacitors can 
be developed to achieve the optimum financial and technical 
performances. 
The study in this work has opened up several research 
questions:  
• What is the optimum tower structure design for a 
small wind turbine in an off-grid system which 
minimizes the effect of tower shadow on the battery 
systems? 
• In what way a controller can help to minimize the 
effect of tower shadow? 
• Can power electronics technologies solve the 
problem of tower shadow and is it worth 
implementing it in a hybrid system?  
V. CONCLUSION 
In conclusion, this paper described and discussed the 
modeling approach and the experimental work which focused 
on the battery lifetime reduction due to the tower shadow 
effect in an off-grid hybrid wind-diesel-battery system. The 
non-ideal behavior, such as the oscillation of the test rig was 
considered and the approach to “compensate” this through 
post-processing are demonstrated. The characteristics of the 
tower shadow profiles from both tubular and lattice towers 
perspective are clearly demonstrated. In particular, their 
individual effect on the battery lifetime is studied. It was 
found out that the microcycles indeed reduce the battery 
lifetime in a quantifiable manner. The finding here is 
important for system designers whilst sizing the hybrid system 
during planning stages as it is very often the battery lifetime is 
assumed to last optimistically longer than in reality.  
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